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ABSTRACT 

We present a study of the bar fraction in the Coma cluster galaxies based on a sample of ~ 190 
galaxies selected from the Sloan Digital Sky Survey Data Release 6 (SDSS-DR6) and observed 
with the Hubble Space Telescope (HST) Advanced Camera for Survey (ACS). The unprecedented 
resolution of the HST- ACS images allow us to explore the presence of bars, detected by visual 
classification, throughout a luminosity range of 9 magnitudes (—23 < M r < —14), permitting 
us to study the poor known region of dwarf galaxies. We find that bars are hosted by galaxies 
in a tight range of both luminosities (-22 < M r < -17) and masses (10 9 < M*/M Q < 10 11 ). 
This result holds when comparing with a sample of bright/massive field galaxies. In addition, we 
find that the bar fraction does not vary significantly when going from the center to the cluster 
outskirts, implying that cluster environment plays a second order role in bar formation/evolution. 
The shape of the bar fraction distribution with respect to both luminosity and mass is well 
matched by the luminosity distribution of disk galaxies in Coma, indicating that bars are good 
tracers of cold stellar disks. We discuss the implications of our results for the formation and 
evolution scenarios of bars and disks. 

Subject headings: galaxies: clusters: individual(Coma) — galaxies: formation — galaxies: structure — 
galaxies: evolution 



1. Introduction 

Bars are believed to be very important with re- 
gard to the dynamical and secular evolution of disk 
galaxies. In particular, they represent the main 
internal driver of galaxy structure and morphology 
evolution within the central ~10 kpc. Stellar bars 
are also recognized as the most important internal 
factor that redistribute the angular momentum 
between the baryonic and dark matt er components 
(jDebattista fe Sellwood1ll998ll2Q00l ). The amount 
of angular momentum exchanged is related to 
specific properties of the galaxies, such as the 
bar mass, halo density, and halo velocity disper- 
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sion ( Athanassoulal 120031 : Sellwood fe Debattista 
2006). Moreover, they funnel material towards 
the galaxy center where starbursts can ignite 



(jSheth et all 120051 ). contribute to the formation 



Munoz-Tunon et al 



of bu lge- like structures (jKorme ndv & Kcnnicutt 
2004), inner star- forming r ings ( Buta et all 2003: 



2004)1 . 

2004 iDebattista fe Shenll2007l) and feed the cen 
tral b lack hole (Shlosma n et al . 2000; ICorsini et al 



2003). Peanut /boxy bulges in galaxies are also 
thought to be associated with bending instabilities 
and bar vertical resonances ([Bureau fe Freemanl 



1999 : lMartinez-Valpuesta et alj200alMendez-Abreu et al 



20081) 

Stellar bars are observed in optical images 
of roughly half of all the nearby disk galaxies 
(jBarazza et all 120081: I Aguerri et al.l l2009h . This 
fraction rises slightly to about 59-62% when near- 
infrared images are analysed ( Laurikaincn et al 



20041 : iMarinova fe Joged2007tlMenendez-Delmestre et al 
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20071 ). It is established that they appear naturally 
in most simulations of galaxy formation once a 
dynamically cold and rotationally-supported disk 
is at place. However, even if bars are ubiquitous in 
the universe, it is not clear yet why one galaxy can 
exhibit a bar structure while another apparently 
similar does not. 

The mechanisms leading to the formation of 
bars can be divided into internals and exter- 
nals. The most widely accepted internal mech- 
anism to produce bars in galaxies is based on the 
m = 2 mode glob al instability in cold, rotationally 
supported disks (jHohll Il97lt lOstriker fc Peebles! 
19731 ). Environmental effects could also be 



important, though the existence of competing 
mechanisms usually prevents simple interpreta- 
tions. Depending on the orbital configuration, 
interactions can weaken severely bars and even 
destroy them or, on the other hand, signifi 



cantly speed up bar form a tion (jNoguchil 11987 ; 
lAguerri fe Go nzalcz-Garci 3 120091) . Moreover, 
numerical simulations of galaxy harassment in 
clusters have shown that bar growth is a com- 
mon and stable process during the evolution of 
late- type galaxies in d ense environments (e.g. 



Mastropietro et al.l l2005) 



Only with the rec ent advent of large galaxy sur 
veys, either at high (ISheth et al.ll20f)8L COSMOS) 
or low redshift ( Barazza et al.ll2008 : lAguerri et al 



2009, SDSS), statistical studies of bar frequen- 
cies have been possible. However, bar studies 
have been usually restricted to luminous galax- 
ies due to either the lack of spatial resolution 
or because images were not deep enough. The 
present work attempts to put observational con- 
straints on the internal (mass) and external (en- 
vironment) parameters that influence bar forma- 
tion by carrying out a comprehensive study of the 
bar fraction in the Coma cluster galaxies through- 
out a wide range of 9 magnitudes, covering from 
giant ellipticals (M r ~ —23) to dwarf galaxies 
(M r ~ —14). This research will also provide us the 
luminosity /mass interval where cold stellar disks 
are present in galaxies. For this purpose we take 
advantage of the unrivalled resolution of the HST- 
ACS Coma cluster Treasury Survey, which pro- 
vides deep imaging of the core and infall region of 
the Coma cluster. 

The paper is organised as follows. The galaxy 
sample, as well as the selection of the Coma clus- 



ter member galaxies is presented in Sect. [2j the 
method adopted to detect bar structures in the 
sample galaxies, and the results obtained are ex- 
plained in Sect. |31 the discussion of the results and 
our conclusions are given in Sect. 2] Throughout 
the paper, we assume a distance modulus of m- 
M=35. 

2. Data and cluster membership selection 

The Coma cluster is one of the best-studied 
galaxy clusters because of its relative proximity 
and because it may be a prototype of dynamically 
relaxed cluster, e ven though significant substruc- 
tures are present ( Colless fc Dunnl 1996t ) . 

The HST-ACS C oma Cluster Treasury Survey 
arter et al. 20081 ). covers ~ 230 arcmin 2 with 
21 ACS pointings (^3x3 arcmin). The magni- 
tude limits of the survey at 10 a for 1 arcsec 2 
extended regions are g'=25.8 mag/arcsec 2 and 
Jc=25.0 mag/arcsec 2 . At the distance of the 
Coma cluster (~ 100 Mpc), the resolution of HST- 
ACS (O'.'l) corresponds to ~ 50 pc. This gives es- 
sentially the same physical resolution as ground- 
based observations have in Virgo and it will allow 
us to resolve bars down to sizes of rb ar ~ 150 pc. 

The Coma cluster is also covered by the 
SDSS, providing galaxy magnitudes in five bands 
{u, g, r, i, z). For the sake of comparison with re- 



cent works on bar fractions (Baraz za et al. 2008; 



lAguerri et alj |2009[) . and in order to have ac- 
cess to galaxy colors, which will help us to de- 
termine cluster memberships, we decided to cre- 
ate our catalogue of sources usin g the SDSS-DR6 
(|Adelman-McCarthv et al.ll2008l ). 

The steps followed to obtain our final sample of 
Coma cluster members were the following: from 
the SDSS-DR6 we downloaded a catalogue of ex- 
tended sources within a 5 arcmin radius from the 
position of every ACS pointing. This catalogue 
contains all galaxies with m,. < 21, which repre- 
sent approximately the completeness limit of the 
SDSS photometric survey for extended sources, 
and with b/a > 0.5, a and b being the semi-major 
and semi-minor axis lengths of the galaxies, in or- 
der to deal with projection effects. This resulted in 
a sample of 477 galaxies (black circles in Fig. [1}, 
104 of them having recession velocities available 
from the Nasa Extragalactic Database (NED). We 
select galaxies with velocities ±3000 km/s with re- 
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spect to the Coma redshift as cluster members. 
This range corresponds to a 3<t cut on the ve- 
locity distribution of the Coma cluster galaxies 
(cr - 1000 km/s; Colless & Dunn 1996). We found 
that all 104 galaxies satisfy this condition and 
therefore they are cluster members. At this point, 
we decided to visually inspect every galaxy in or- 
der to determine its possible cluster membership 
based on its m orphology. We follow the p rescrip- 
tions given by iMichard &: Andreonl ( 2008 ) where 
they claim that morphologically selected cluster 
members are reliable when compared with redshift 
membership, and present a catalogue of 473 Coma 
members down to Ms=-14.25 based on their mor- 
phology. The procedure to distinguish between 
background objects and cluster members is based 
in some basic hypothesis. Typical spirals in the 
background lie in the magnitude range of dwarf 
galaxies in Coma. However, these objects are rare 
in the field and even more in dense cluster envi- 
ronments. Moreover, we exclude from our sam- 
ple all spiral like galaxies that had either bulge 
or disk sizes too small if they were cluster mem- 
bers. With regard to elliptical galaxies, far-away 
bright ellipticals are generally more concentrated 
that early-type dwarfs in Coma. In addition, they 
are more reddened and our further color cut will 
easily get rid of them. We found that, from the re- 
maining 373 galaxies without redshift, 127 galax- 
ies followed the morphological criteria to be cluster 
members, while 246 did not. A further colour con- 
dition was still imposed for these candidates to be 
considered as cluster members. To calculate our 
color cut, we fit the red sequence of all galaxies 
in our sample and imposed that members should 
have a g — r color less than 0.2 magnitudes above 
the value of the fit (see Fig. [I}. With this further 
constraint, our sample of Coma secure members 
consists of 188 galaxies (red points in Fig. [T]) with 
magnitudes in the range —23 < M r < —14. 

Several quality checks were done during the 
morphological membership classification: at a 
first step the classification was performed inde- 
pendently by two of the authors (JMA and RSJ), 
obtaining consistent results. Next we compared 
our cluster memberships with those given by 
Michard fc Andreonl (|2008l ). From the 225 galax- 
ies in common, both classifications agree for a 78% 
of galaxies. In addition, including colors at this 
step instead of only as a final constraint, this per- 



centage grows up to a 85%, confirming the good 
agreement between both classifications. As a fi- 
nal check, we also compared our morphological 
membership with the available spectroscopic red- 
shifts. We found that from the 104 galaxies with 
redshift, 103 (99%) share the same class, giving 
validity again to our classification. 

3. Method and results 

The presence of a bar can be revealed by visual 



inspe ction of the images (|de Vaucouleurs et al 



19911 ). by analysing the shape and orientation 



of the galaxy isophotes ( Laurikainen et al. 2005; 



Menendez-Delmcstre ct al. 2007; Marinova & Joe.ee 



20071; ISheth et al.lbOOSllBarazza et al.ll2008l;lAguerri et al 
20091 ; iMarinova et all 120091 ), byst udying the 
Fourier modes of the light distribution dOhta et al 



1990; Elmcgrccn & Elmegrccn 1985; Aguerri et al 
Il998l . l2000t lLaurikainen et all l2005h . or fitting 
the different structural components to the su rface 
brightness distribution ( Weinzirl et alj|2009( ). 

In the present work, we visually classified all 
galaxies into strong barred, weakly barred, and 
unbarred. A caveat regarding this criteria is that 
our distinction between strong and weak bars is 
not directly related to the contribution of the bar 
to the total galaxy potential, but rather they refer 
to a secure or possible detection of a bar, respec- 
tively. Therefore, the fraction of weak bars could 
be understood, in some way, as a measure of our 
uncertainty in bar detection. The visual classi- 
fication was carried out by two of us (JMA and 
RSJ) using the redder available filter (F814W) of 
the HST-ACS images. Both classifications were in 
close agreement and only their mean is reported 
in the following (see also Fig. [5]). Since the goal 
of this paper is to understand where do bars form, 
we have not defined the bar fraction in the classic 
way, i.e., using only disk galaxies, but we have in- 
stead used all galaxies independently of their Hub- 
ble type. Using this definition, our bar fraction 
turns to be ~ 9% and ~ 14% depending if only 
strong or also weak bars are included, respectively. 

Fig. [2] shows the bar fraction as a function of 
the luminosity and mass of the secure sample of 
galaxies in the Coma cluster. It is clear that inde- 
pendently of the bar strength, bars are hosted by 
galaxies in a tight range of luminosities or masses. 
There arc no strong bars in the Coma cluster out 
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Fig. 1. — Color-magnitude diagram for our complete sample of 477 galaxies (black circles). Red points 
represent the subsample of 188 galaxies considered as members of the Coma cluster, while blue diamonds 
point out those Coma galaxies which host a bar. The solid and dotted black line shows our fit to the red 
sequence and our limit of 0.2 magnitudes above the fitted red sequence, respectively. 



of the luminosity range between —21 < M r < —18. 
These limits become —22 < M r < —17 if we in- 
clude also weak bars. 

The mass of the galaxies is one of the fundamen- 
tal parameters controlling their evolution. We use 
the prescriptions given bv lBell et al. ( 20031) to de- 
rive the stellar mass of our galaxies using the g — r 
color and the diet Salpcter initial mass function 
(IMF). We find again the same behavior in the bar 
fraction when using the galaxy mass: bars exist 
only in a range of masses between either 10 95 < 
MJMq < 10 11 or 10 9 < MJM Q < 10 11 de- 
pending on whether only strong or strong+weak 
bars are considered, respectively. 

These findings rely on a relatively small num- 



ber of galaxies and might be affected by statisti- 
cal errors. Nevertheless, similar results were found 
when comparing the bright/massive side of our bar 
fraction distribution with that obtained, also by 
visual inspection of the galaxy imag es, in the large 
sampl e of field galaxies studied by Aguerri et al.l 
(l2009h . indicating that bars are not hosted by very 
bright galaxies (see Fig. [5]). 

4. Discussion and conclusions 

We have used HST-ACS images taken in the 
F814W filter to search for bars in a sample of 188 
galaxies members of the Coma cluster. Bars were 
identified based on visual inspection of the images. 
The unprecedented spatial resolution provided by 
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Fig. 2. — Optical bar fraction of strong (solid black line) and weak+strong (dashed blue line) as a function of 
the galaxy absolute magnitude in r-band (left panel), and galaxy mass (right panel). Red points and blac k 
circles represent the strong and weak+strong bar fraction using the field sample of lAguerri et al. I (l2009h . 
respectively. T he number of galaxi e s per bin is represented with black triangles. The disks luminosity 
distribution by Michard fc Andreonl ( 2008 ) is shown with brown diamonds, the r-band magnitudes were 
derived from the B magnitudes by using the B — R color for every galaxy, and then calculating the R- 
r differences by taking into accou nt the equations given by Lupton (2005). Stellar masses were derived 
following the prescriptions given bv lBell et al. (|2003l ) using the B — R color and the diet Salpeter IMF. 



HST-ACS in this region has allowed us to com- 
pute the bar fraction throughout a large range of 
9 magnitudes, permitting us to explore the pres- 
ence of bars in the poorly known region of dwarf 
galaxies. 

We find that bars are not hosted by galaxies in 
the whole range of luminosities nor masses cov- 
ered in this study. On the contrary, they ap- 
pear to be well constrained in a tight interval of 
both luminosities — 22 < M r < —17 and masses 
10 9 < M,/M < 10 11 . This result has several 
implications on our current understanding of bar 
formation and/or evolution. 

If we assume that bars are tracers of cold 
stellar disks, the presence of bars is particularly 
useful to identify gal axies with disks in clusters 
( Marinova et al. 20091) . Therefore, it could be log- 
ical to think that the distribution of bar frac- 
tion with the galaxy magnitude should trace the 
shape of the d is k gala xies luminosity distribution. 
Bing geli et al. I (|l988l) showed in his seminal pa- 
per the magnitude distribution of morphological 
classes for the Virgo cluster. In the bright side 
of the distribution ellipticals are the dominant 
type, while both dwarf ellipticals and dwarf irreg- 
ulars are the most common morphological type in 



the low luminosity region. Instead, disk galax- 
ies appear to be constrained in the range — 22 < 
Mb < — 16 in accordance with our results. In 
order to test this hypothesis in the Coma clus- 
ter, we have computed the luminosity distribution 
of morphologically selected disk galaxies (from 
SO to Sc) using the classifi cation carried out by 
Michard fc Andreonl (2008). The resulting lumi- 
nosity distribution (brown diamonds in Fig. [2]) 
matches well the shape of the bar fraction distri- 
bution in both luminosity and mass, confirming 
that bars are good tracers of disks. 

Since simulations suggest that bars form spon- 
taneously in cold and rotationally-supported 
disks, the non existence of bars in galaxies with 
M r < — 22 can be interpreted either as evidence 
that cold disks do not form in such massive galax- 
ies, or existing disks are somewhat heated and 
they are not able to form/host a bar. 

Disk heating should be predominant in high 
density environments due to the higher frequency 
of close encounters, major and minor accretions, 
and the presence of tidal forces, however, no 
differences were found between field and clus- 
ter in the limiting magnitude of galaxies host- 
ing bars. This constancy could otherwise be in- 
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terpreted as a physical limit in the formation of 
dis k galaxies. Numer i cal sim ulati ons carried out 
by Dekel fc Birnboiml ( 20061 ) and Cattaneo et al 



(2006]) suggest that the physics of the gas, which 



will form galaxy disks, depends on the galaxy 
mass. They claim that in halos below a criti- 
cal shock-heating mass A^haio < 10 12 .Mo disks 
are built by cold gas streams while for .Mhaio > 
10 12 Mq the gas is heated by a virial shock and 
do not form disks. This Mhalo ~ lO 12 ^© cor- 
responds to a stellar mass of M.* ~ 3 x 10 w M.q 
which roughly coincides with our limiting mass for 
galaxies hosting bars. 

From the environment perspective external 
trigg ers, such as t idal interactions, can induce 
bars (|Noguchilll987l ) but their effects can be con- 
tradictory since they may also heat the disks and 
thereby make them less susceptible to bar forma- 
tion. It is also important to consider whether our 
results could be explained in terms of the evo- 
lution and destruction of bars rather than their 
initial formation. The scenario in which bars can 
be dissolved by the presence of a massive cen- 
tral concentration have been proposed in several 
simulations. However, most of them indicate that 
present-day supermassive black holes, star clusters 
or inner parts of bulges are no t massive enough 
to affect bars significantly (e.g., Shen fc Sellwoodl 



20041 : lAthanassoula et al.1 1200^ ). On the other 



hand, if bars are hard to be dissolved once they 
are formed, the presence of a high density en- 
vironment such as a cluster should not change 
dramatically the bar fraction, as we found in this 
work when comparing with the field. 

Since our sample galaxies cover both the cen- 
ter and infall regions of the Coma cluster, we have 
further tested this issue by dividing our sample 
into internal and external galaxies and calculat- 
ing the bar fraction for every subsample. As we 
are introducing large errors due to small number 
statistics (especially in the outer regions), we have 
repeated this procedure for three values of the sep- 
aration distance (0.5, 1, and 1.5 Mpc) from the 
cluster center (a: 12 h 59™ 42 s , 8: 27° 58' 15'.'6, 
Godwin et al. 1983). For the smaller separation 
distance we found 14% and 15% of bars for the in- 
ternal and external subsamples, respectively. The 
bar fractions of both subsamples are 14% and 17% 
when using 1 Mpc, and 14% and 17% if we use 1.5 
Mpc. Therefore we did not find differences in the 



bar fraction between the subsamples for any sep- 
aration distance, implying again that the cluster 
environment plays a second order role in bar for- 
mation/evolution. 

In the low luminosity/mass side of the bar frac- 
tion distribution we found also a lack of bars for 
galaxies with either M r > -17 or M*/Mq < 10 9 . 
Few works have tried to investigate the dwarf 
realm in order to lo ok for the presence of bars. 



Graham et alj (|2003l ) found spiral structure in two 



dwarf galaxies belonging to the Coma cluster. The 
galaxies magnitudes were found to be -18.8 and - 
17.4 in the -R-band , therefore b e ing in agreement 
with our results. iLisker et al. ( 20061 ). studying 
a sample of dwarf galaxies in the Virgo cluster, 
found the presence of bar structure in some dwarf 
galaxies as faint as Mb ~ —16.10, again in full 
agreement with our findings considering a typical 
B — r color ~ 1.8. They also claim that dwarf 
ellipticals with and without disks represent two 
distinct types of galaxies, and show how the frac- 
tion of dwarfs with disk decrease dramatically for 
galaxies below Mb ~ —16. Therefore, even if the 
non presence of bars in our low luminosity galax- 
ies could be due to the heating of the disk compo- 
nent or to it s absen ce, our results support that of 
ILisker et al. ( 20061 ) and we suggest that no disks 
are present in Coma galaxies below M r ~ —17. 

The physical mechanisms involved in this case 
could be different with respect to that of mas- 
sive galaxies. The role played by the environ- 
ment in the evolution of dwarfs is crucial. For 
instance, repeated tidal shocks suffered by a dwarf 
satellite galaxy can also remove the kinematic 
disk signature (jMaver et al.l 120011 ). Cumulative 
tidal fast encounters between galaxies and with 
the gravitational potential of the galaxy clus- 
ter can produce a dramatic morphological trans- 
for mation from spirals to roundish dwarf galax- 



pr 

ies dMoore et al.l 119961 iMastropietro et al.l 120051 
Aguerri fc Gonzalez-Garcia 20091) . 



We are still far from understanding the mecha- 
nisms that drive one galaxy to host a bar while an- 
other apparently similar does not. Even if a great 
advance has been done in the last years, we still 
need to explore the bunch of observational data 
already available in order to provide more inputs 
to numerical simulations to understand the forma- 
tion and evolutionary processes of these important 
structures at the center of galaxies. 
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